Experimental evidence of high-frequency complete elastic bandgap in pillar-based phononic slabs We present strong experimental evidence for the existence of a complete phononic bandgap, for Lamb waves, in the high frequency regime (i.e., 800 MHz) for a pillar-based phononic crystal (PnC) membrane with a triangular lattice of gold pillars on top. The membrane is composed of an aluminum nitride film stacked on thin molybdenum and silicon layers. Experimental characterization shows a large attenuation of at least 20 dB in the three major crystallographic directions of the PnC lattice in the frequency range of 760 MHz-820 MHz, which is in agreement with our finite element simulations of the PnC bandgap. The results of experiments are analyzed and the physics behind the attenuation in different spectral windows is explained methodically by assessing the type of Bloch modes and the in-plane symmetry of the displacement profile. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4903997] Pillar-based phononic crystal (PnC) slabs are periodic structures composed of a continuous host membrane (with single or multiple layers) with a two-dimensional (2D) lattice of pillars on top. [1] [2] [3] [4] These structures provide threedimensional (3D) confinement of elastic waves through: (1) natural confinement of Lamb waves in the out-of-plane direction and (2) in-plane confinement resulting from 2D phononic bandgaps (PnBGs). Pillar-based PnCs can also be formed on half-space structures based on the propagation of surface acoustic waves (SAWs). Even though the existence of PnBGs in such SAW-based devices and low-loss SAWbased PnCs has been experimentally demonstrated, 5 the potential coupling of the SAW modes to the bulk acoustic modes of the half-space 6 by the PnC defects (e.g., waveguide bends or point defects that form resonators) can limit the flexibility of SAW-based PnCs in forming functional PnC structures such as waveguides and resonators. On the other hand, the 2D confinement of elastic waves in PnC membranes can make the design of low-loss devices easier when compared to SAW-based PnCs. 7, 8 In addition, the 2D nature of these PnC slabs avoids the fabrication challenges of 3D PnCs. 9, 10 Compared to other membrane-based PnCs (i.e., membranes with periodic holes or inclusions), [11] [12] [13] [14] [15] [16] [17] pillarbased PnCs provide more design parameters (i.e., height of pillars and the choice of material for pillars) that results in less stringent requirements for fabrication and greater flexibility in designing PnCs using specific physical properties of the pillars (e.g., local resonance of the pillars). [18] [19] [20] Ease of fabrication and 3D confinement of the acoustic energy have attracted great interest in membrane-based PnCs. Especially, it is highly desirable to demonstrate membrane-based PnCs with PnBGs in the 800 MHz-1 GHz frequency range, due to the utility of this frequency range in wireless communication. Su et al. have shown that a PnC membrane of periodic tungsten (W) inclusions in a silicon dioxide (SiO 2 ) membrane supports a directional PnBG in the 600 MHz-1 GHz range along the C-X direction of the square lattice. 21 Soliman et al. improved this result by demonstrating a directional PnBG in the 1 GHz-1.7 GHz range using W inclusions in a silicon (Si) membrane. 22 Furthermore, holebased PnC membranes composed of an aluminum nitride (AlN) memrbane 23 and a stacked AlN and SiO 2 membrane 24 have been shown to have PnBGs around 800 MHz, 900 MHz, and 1.1 GHz along the C-X direction of the square lattice. While these membrane-based PnCs support PnBGs at the GHz frequency range, the reported experimental results for PnBGs in pillar-based structures have been limited to lower frequencies. 16, 17, 19 Considering the design flexibility of pillar-based PnC membranes, it is important to demonstrate pillar-based PnCs with PnBGs in the 800 MHz-1 GHz frequency range.
In this paper, we experimentally demonstrate that pillarbased PnC slabs can support complete PnBGs in the high frequency regime. The PnBGs in three major crystallographic directions are characterized, and the observed extent of these PnBGs is found to be around 800 MHz. These findings are compared and justified with the theoretical predictions provided by simulations performed using the finite element method (FEM) implemented in the COMSOL Multiphysics V R software package.
The PnC structure discussed in this paper is formed by a triangular lattice of gold (Au) pillars on a free-standing membrane that consists of 3 thin layers of AlN, molybdenum (Mo), and Si, from top to bottom. To calculate the dispersion diagram of this structure, we use the FEM-based methodology described in Ref. 4 . In our simulations, Si and AlN are modeled as anisotropic materials, while Au and Mo as isotropic materials. The material properties used in these simulations are from the COMSOL Material Library. It is important to note that the C-Y and C-K directions are aligned with the 100 and 010 crystallographic directions of the Si film used in the membrane, and the c-axis of the AlN layer is perpendicular to the membrane. These choices for the material isotropy are consistent with the techniques used for the deposition of the AlN layer [deposited by sputtering (Tegal Corporation) and specifically optimized for its piezoelectric property] and the Mo layer (deposited by sputtering to form a polycrystalline layer). In addition, our simulations show that the presence of the thin (i.e., 100 nm) Mo layer only affects the results of our eigenfrequency calculations by less than 5%. Thus, the simulation results are not sensitive to the properties of the Mo layer. Our FEM simulations show that this structure supports a complete PnBG in the frequency range of 760 MHz-820 MHz. Figure 2 shows the band structure of the PnC along the boundary of the irreducible Brillouin zone and directional band diagrams along the three major crystallographic directions (i.e., C-Y, C-L, and C-K) of the triangular lattice formed by the arrangement of pillars on the membrane. The unit cell of the triangular lattice used in the FEM simulations is depicted in Fig. 2 . The resulting PnBG is caused by the Bragg effect as its center frequency is close to the folding (or Bragg) frequency of the dispersion branches, and it depends on the type of the PnC lattice (as confirmed by theoretical simulations). However, as the height of pillars increases, the center frequency of the PnBG decreases, and therefore, the effect of local resonance of the pillars gradually becomes more pronounced. 20 The sinc function apodization and the cosine window weighting of the IDTs 25 is designed to achieve a wide frequency response with low ripple required for sweeping a frequency range wider than the PnBG of the structure. The IDTs in our structure are designed to excite the antisymmetric (AS) modes of the structure; however, the symmetric (S) modes are also expected to be excited due to the strong coupling of the S and AS modes in the 3-layer stacked membrane. In contrast to the S and AS modes, the shearhorizontal (SH) modes of the structure are not expected to be excited.
To fabricate this structure, we start from a silicon-oninsulator (SOI) wafer with Mo and AlN layers deposited on the wafer (obtained from Tegal Corporation). The AlN layer is patterned with the conventional photolithography and wet etching techniques to form the ground pad openings. In the next step, a layer of electron-beam resist (PMMA, by MicroChem) is deposited on the structure and the PnC pattern is formed by electron-beam lithography. The Au pillars are then formed by electron-beam evaporation followed by a lift-off step. The Al electrodes for the IDT pairs are patterned using a similar process. The final step of the fabrication is releasing the PnC membrane by selectively etching the backside Si wafer using backside alignment, photolithography, and dry etching Si using the Bosch process followed by wet etching the buried oxide layer using the buffered oxide etch (BOE) solution.
To characterize the PnBGs in different crystallographic directions, we fabricate multiple PnCs with similarly patterned IDTs rotated and aligned with major crystallographic directions, namely, C-Y, C-L, and C-K. To have a reference point for the baseline transmission between each IDT pair, for every device with a PnC between two IDTs, a reference IDT pair is fabricated without the PnCs between them. Characterizations of these devices are performed using an HP 8753D network analyzer and measuring the S 21 parameter of the structure. To compensate for the frequency response of the IDTs, we normalize the response of the PnC structure to that of the corresponding reference device.
The results of our measurements are shown in Figs.  3(a)-3(c) . It can be seen that for all 3 characterized directions, the observed normalized transmission falls below À20 dB for frequencies within the theoretically calculated directional PnBGs. The observed attenuations for C-Y and C-K directions are even stronger at À25 dB transmission throughout the expected PnBG regions. This level of attenuation validates our theoretical simulations that the chosen pillar-based PnC membrane supports PnBGs around 800 MHz in all 3 major crystallographic directions. Note that the attenuation in each direction also depends on the length of the structure in that direction. In our experiments, the length of the structure in the C-Y, C-L, and C-K directions are 9, 16, and 16 periods, respectively, resulting in measured attenuations of 2.7 dB/period, 1.25 dB/period, and 1.6 dB/period, respectively, for the three directions. It should be noted that the length of a period in the C-Y, C-L, and C-K directions are equal to a ffiffi ffi 3 p , a, and a, respectively. It can be seen from the measured transmission spectrum in Fig. 3 that in addition to the large attenuation at the PnBG frequencies, the transmission at the frequencies outside the PnBGs are also suppressed resulting in a wider experimentally observed bandgap than the theoretical PnBG. These low-transmission regions can be explained by the presence of deaf bands [26] [27] [28] that result from two effects: (1) the majority of the transduced elastic energy is carried by S and AS modes; therefore, the incident wave generated by the IDT on the PnC cannot be coupled to the SH modes of the PnC and (2) the Bloch modes inside the PnC may be antisymmetric along the in-plane axis perpendicular to the k-vector; therefore, the incident wave from the IDT cannot transfer energy to such modes. As a result, a deaf band will occur if the Bloch mode is of SH type or the mode is in-plane antisymmetric. Another factor affecting the S 21 measurements is the mismatch in the group velocity of the propagating modes inside and outside the PnC structure. This mismatch results in the reflection of the incident wave; hence, lower observed transmission even for the AS modes with in-plane symmetric profile (which match the modes excited by the IDTs) as the group velocity of the PnC mode at the band edge is usually smaller than that of the membrane.
To understand the role of these three mechanisms in expanding the high-attenuation region for the studied PnC structure, we have shown the PnC band structure in the C-K direction along with the type of the PnC modes (i.e., S, AS, and SH) and their in-plane symmetry in Figs. 4(a) and 4(b) , respectively. For comparison, we have shown the measured normalized transmission spectrum in Fig. 4(c) . The Bloch mode types in Fig. 4(a) are assigned by considering the dominant component of the displacement vector. The in-plane symmetric/antisymmetric modes in Fig. 4(b) are identified using the phase difference between the displacement phasor on the two sides of the unit cell. This approach will give a phase of p rad for antisymmetric modes and a phase of 0 rad for symmetric modes. To illustrate this concept more clearly, two mode profiles (one for symmetric mode and one for an antisymmetric mode) are shown in Fig. 4(b) .
Side-by-side comparison of Bloch modes in Figs. 4(a) and 4(b) reveal that the Bloch modes to the left of the lower edge of the PnBG (i.e., at lower frequencies than 760 MHz) are of S and AS types and are in-plane symmetric. However, the modes closer to the band edge exhibit a very low and close to zero group velocity. This near-zero group velocity and its mismatch with the group velocity of the incident mode results in low transmission to the left of the PnBG edge and extends the high-attenuation region to frequencies lower than 760 MHz [see Fig. 4(c)] .
A similar comparison for the upper edge of the PnBG shows that in the 820 MHz-860 MHz range, the PnC supports only SH modes with antisymmetric profile. Thus, to the right of the PnBG (i.e., higher frequencies), a deaf band is observed and the transmission can only grow when the PnC supports in-plane symmetric S modes beyond 860 MHz [see Figs. 4(a) and 4(b) ]. This is in agreement with our experimental observation shown in Fig. 4(c) .
In conclusion, we demonstrated experimental evidence of the complete PnBG at the 800 MHz range for a pillar- 
